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The eyes of the sandlance differ from those of other
fish, both optically and in the kinds of movements they
make. The predatory behaviour of these tiny fish not
only makes their lifestyle similar to that of a
chameleon, but has led to several extraordinary
examples of convergence in the visual system.
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In contrast to the wide range of eye designs encountered
amongst the invertebrates, the vertebrate eye is a remarkably
standard product. In marine vertebrates, almost all the
imaging power of the optical system resides in the spheri-
cal lens (Figure 1a), which always has a focal length close
to 2.5 times its radius. The fish lens is no ordinary piece of
glass; if it were, it would have such bad spherical aberra-
tion — the tendency of rays at at distance from the axis to
be bent too much — as to be unusable. It gets over this by
having a gradient of refractive index within the lens: dense
in the centre and dropping approximately parabolically
towards the periphery. This ensures that most of the 
ray-bending occurs within the lens, rather than at the sur-
faces as in a conventional lens. If the gradient is the correct
one, spherical aberration is removed and the image is sharp.
Such a graded-index structure has a much shorter focal
length than a homogeneous lens, giving a compact eye with
a high light-gathering power. This design has evolved many
times: probably only once in the vertebrates, but several
times in the molluscs (famously in cephalopods such as
squid and Octopus), at least once in the annelid worms (Alciop-
idae) and once in the Crustacea (the copepod Labidocera) [1].
On land, the situation is different because the curved
cornea now separates air from water, and so has useful
refracting power (Figure 1c). This was not the case for our
fishy ancestors, when the cornea had water on both sides
(Figure 1a). In humans, two-thirds of the optical power of
the eye comes from the cornea, with the lens relegated
more to a role of adjusting focus — if you are under 50 —
rather than bending rays to form the image. The lessened
role of the lens in land vertebrates has resulted in it
becoming a more flattened structure, with reduced power
compared to its spherical forebear.
As reported in this issue of Current Biology [2], the eye of
the sandlance, a tiny fish that lunges from a burrow to
Figure 1
(a) Generalised fish (b) Sandlance (c) Typical lizard
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Relative contributions of lens and cornea to image formation in
different vertebrates. The complete ray path (cornea and lens) is
shown in red, and the contribution of the cornea alone is shown in
green. (a) Generalised fish: no corneal contribution. (b) Sandlance: the
thickened cornea contributes about a third of the power of the eye.
(c) Typical lizard: cornea and lens contribute roughly equally.
(d) Chameleon: in the resting condition the lens diverges light,
overfocused by the cornea.
catch millimetre-long copepods, does not conform to
either of these basic optical types. The lens is flattened,
like a terrestrial eye, but the thickened cornea has lens-
like properties of its own, with a high internal refractive
index (Figure 1b); it contributes about 30% of the eye’s
total optical power [3]. Why should a fish, whose ancestors
had a perfectly good solution to the problem of forming an
image in water, abandon this in favour of an eye that has
more in common with those of land animals?
An important clue comes from an extraordinary parallel
between these eyes and those of chameleons, the strange
reptiles whose independently moveable turret-like eyes
have long been a source of fascination. A few years ago
Ott and Schaeffel [4] showed that the chameleon lens
actually has negative power when at rest — that is, it
diverges light (Figure 1d) — a feature that distinguishes
it from all other vertebrate lenses. The chameleon lens
also has an impressive ability to change shape so that its
power becomes positive, permitting very rapid accommo-
dation to distance. 
In an elegant series of experiments using lenses and
prisms perched between the chameleons’ horns, Hark-
ness [5] showed that chameleons judge distance using
their focusing mechanism, not by binocular triangulation
mechanisms as we do. It seems that the sandlance may
do something very similar. The cornea (not the lens) of
the sandlance has a unique, fast-acting muscle that
changes the corneal curvature and refracting power.
Like chameleons, sandlances move their eyes indepen-
dently and often use only one eye to view their prey
prior to the strike. They can also capture prey effec-
tively with only one eye. Thus binocular mechanisms
are not involved, which leaves the focusing mechanism
as the most likely means of judging distance. In human
vision, the focusing mechanism can also be used for 
distance judgment, but it is certainly not the mechanism
of choice. 
This, however, does not explain why both chameleons
and sandlances have strong corneas and weak lenses. Two
ideas have been advanced for this. First, this combination
provides a design reminiscent of a telephoto camera lens,
and it will give a longer focal length, for a given eye size,
than eyes based on conventional optics. The longer focal
length in turn provides a larger image, and hence higher
resolution. Second, such a system pushes the nodal point
of the eye — the optical pivot of the lens–cornea combina-
tion — towards the front of the eye, and well in front of
the eye’s centre of rotation. A consequence of this is that
when an eye movement occurs, objects at different
distances move across the retina by different amounts
[2,6]. In an eye like ours, with the nodal point close to the
center of rotation, differential motion parallax of this kind
does not occur, so this cue is not available to us as an aid to
distance judgment. We can, of course, generate motion
parallax by moving our heads, but sandlances and
chameleons can do it using much less conspicuous eye
movements. For ambush predators, the absence of exter-
nal visible movement may well be advantageous.
In addition to the optical peculiarities of their eyes, the
movements of sandlance eyes are unconventional in two
respects. First, as mentioned earlier, sandlance eyes move
independently of each other — a disconcerting character-
istic that they share with sea horses and pipefish, as well as
chameleons. Secondly, as reported elsewhere in this issue
[7], their gaze is allowed to drift relative to the surround-
ings (Figure 2b). Walls [8], in an essay on the evolutionary
origins of eye movements in vertebrates, pointed out that
the prime function of eye movements is not so much to
shift gaze, but to keep it still. Uniquely, sandlances do not
keep their gaze still.
Fish, and all other vertebrates, have two powerful reflexes
— the vestibulo-ocular reflex mediated by the rotation
sensors of the semi-circular canals, and the optokinetic
reflex mediated by movement detectors in the retina —
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Figure 2
A comparison of the eye movements of a
goldfish (a) and a sandlance (b). The goldfish,
turning to the right, makes a series of
saccadic movements that are synchronised in
the two eyes, with more or less stationary
fixations in between. The sandlance also
makes saccadic movements, but they are not
synchronised. In this record the left eye has a
bout, then the right eye, then the left again.
After large saccadic movements the eye’s axis
drifts back to the rest position. Note the
difference in time scale between (a) and (b).
(Part (a) modified from [10]; part (b) courtesy
of K. Fritches, J.D. Pettigrew and J. Wallman.)
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which between them move the eyes so as to compensate
for rotational movements of the head and body caused by
the vagaries of an animal’s locomotion. The result is a more
or less stabilised image. This is important because photore-
ceptors are slow, taking 20 milliseconds or more to respond
fully to a change, and image movement causes blur in just
the same way as a slow shutter speed causes photographic
blur. Thus most vertebrates employ a ‘saccade and fixate’
strategy when moving around: saccades being the quick
movements that shift the image, during which the animal
is effectively blind, and fixations the stabilised periods in
between (Figure 2a). This strategy is almost universal, not
just for vertebrates including ourselves but for many
insects, crustaceans and molluscs [9]. 
Like us, sandlances have a specialised high-resolution
fovea, with which they target potential prey by making
fast saccades. Unlike all other vertebrates, however, they
do not hold the eye in the new position, but allow it to
drift back towards a central rest position (Figure 2b). The
universal stabilising reflexes seem not to be operating
here, and the eyes violate Walls’ most basic rule, that the
image should be kept still between gaze shifts. It is true
that the drifts are not fast — about 2–4° per second, which
is probably not fast enough to spoil resolution — but it is
surprising that they occur at all. Perhaps the detection of
small objects in the water column, where there is no real
background that needs to be kept blur-free, has led to a
loss of optokinetic stabilisation. It would be interesting to
find out whether this is what has happened. It seems that
this tendency to drift is almost the only departure from the
extraordinary catalogue of convergences between the
visual systems of the sandlance and the chameleon.
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